We analyse the electronic and optical properties of graphene quantum dots (GQD) using accurate ab initio many-body GW and Bethe-Salpeter calculations. We show that most pristine GQD, including structures with irregular shapes, are characterized by dark low energy singlet excitations that quench fluorescence. We rationalize this property by exploiting the chiral symmetry of the low energy electronic states in graphene. Edge sp 3 functionalization is shown to efficiently brighten these low lying excitations by distorting the sp 2 backbone planar symmetry. Such findings reveal an original indirect scenario for the influence of functionalization on the photoluminescence properties.
Pristine GQD properties have been explored at the density functional theory (DFT) and time-dependent TD-DFT levels clearly emphasizing the opening of the photoemission and optical gaps by quantum confinement with decreasing GQD size [13, 14] . Further work demonstrated that functionalization [8, [14] [15] [16] [17] and/or doping [14, [18] [19] [20] can significantly affect the electronic and optical properties of GQDs. While such studies shed some light on the large variety of photoluminescence properties that can be observed experimentally given the chosen synthesis route and edge treatment, some intriguing properties of pristine GQDs were reported [21] [22] [23] . In particular, the lowest excitations were found to have very small optical transition dipoles. This can manifest itself in a large Stokes shift between absorption and luminescence peaks, or, if efficient non-radiative decay channels are present, in quenching of the photoluminescence. These properties were associated with the high geometrical symmetry of the considered ideal flakes.
In the present study, we show that the presence of low lying dark excitations in pristine GQDs is a general property rooted in the hexagonal symmetry of the underlying graphene lattice and the electron-hole chiral symmetry. Moreover, this property is preserved also for structures deviating significantly from high symme- try shapes. These conclusions are confirmed by ab initio many-body Green's function calculations performed on realistic GQDs. We argue that the chiral symmetry imposes a certain hierarchy of energy scales which (i) persists even when the spatial symmetries are lifted and (ii) results in the lowest singlet excitation being dark. We show that sp 3 functionalization of the kind observed experimentally very efficiently brightens the low lying dark states by breaking the planarity of the GQDs. As such, edge functional groups strongly impact indeed the GQDs photoluminescence even though not contributing directly to the emission process.
Methodology. The electronic and optical properties of pristine and functionalized GQDs are studied using the ab initio many-body GW [25] and Bethe-Salpeter equation (BSE) formalisms [26, 27] . The BSE approach was shown in particular to provide a balanced and accurate description of both Frenkel and charge-transfer optical singlet excitations in molecular systems [28] . Our (Fig. 1 ). Bright states oscillator strengths (f ) are indicated. The average diameter D (given in nm) is defined by NC AC = π(D/2) 2 , where NC is the number of carbon atoms, AC = 3 √ 3 d 2 CC /4 is the area per carbon atom with dCC = 0.142 nm. Ntot is the total number of atoms (including hydrogen atoms).
calculations are performed with the Fiesta package [29, 30] at the 6-311Gd eigenvalue-self-consistent [31, 32] evGW @PBE0 level. Structures are relaxed at the 6-31Gd PBE0 level. BSE calculations are performed beyond the Tamm-Dancoff approximation (TDA).
Results. We start by studying high symmetry flakes represented in Fig. 1 (a-d) with related data in Table I . Besides the standard confinement-related increase of the photoemission and optical gaps with decreasing diameter D, we find that the HOMO and the LUMO are always doubly degenerate, consistently with the results of Refs. 22, 23. We will return to this observation below.
Turning now to the optical properties, a remarkable feature is that the two lowest singlet excitations S 1/2 are always dark, the first bright excitations being located at higher energy (Table I) . While such properties were as-signed in Ref. [22] to the high symmetry (D 3h or D 6h ) of the two considered GQDs, we now show that the presence of such low-lying dark states is a much more general feature.
We thus explore less symmetric GQDs. Starting from the 108-atoms GQD 1(b), we consider structures obtained by adding one ring in all possible inequivalent positions as depicted in Fig. 2 To facilitate the calculations on such a large number of structures, we first perform TD-DFT calculations at the PBE0/6-311Gd and TDA levels. The lowest singlet excitation (S 1 ) energy and oscillator strength are provided below each structure. The most salient feature is that the dark nature of the lowest excitation is preserved in most cases even when all symmetries are broken [e. g., structures 2(c,g,h,j)]. Only the very irregular (k) structure presents a bright S 1 , the dark excitation being the S 2 located 0.15 eV above.
For structures represented in Figs. 1(a) and 2 (d,h-k), we perform full ab initio BSE calculations which confirm the results obtained at the TD-DFT level. A more detailed account of the BSE excitations characteristics is provided in the SM (Table S1 ) [24] . The most salient feature is that again in all cases the lowest singlet excitation is dark, except for the very distorted 2(k) structure for which the lowest bright excitation goes below the dark one with a 0.19 eV energy difference. Discussion: single-particle states. To understand the structure of single-electron orbitals, let us first consider a GQD with C 6v symmetry (we do not exploit the full D 6h symmetry of the structures in Fig. 1 ). C 6v has 4 one-dimensional irreducible representations and 2 twodimensional ones, E 1 and E 2 represented by the functions (x, y) ∼ E 1 and (x 2 − y 2 , 2xy) ∼ E 2 . The four zeroenergy states at the Dirac point of an infinite crystal form a representation of C 6v which is reducible as E 1 + E 2 . In order to have the largest overlap with the graphene zeroenergy states, the HOMO and LUMO states in a sufficiently large GQD should also correspond to E 1 and E 2 (or vice versa) and thus be doubly degenerate. The plot of the eigenstates in the case of the 1(b) structure clearly confirms this analysis [24] . Moreover, dipole transitions between E 1 and E 2 are allowed.
When the symmetry is lowered, the degeneracy is lifted. Still, in all structures we studied, the splitting between HOMO and HOMO−1 or LUMO and LUMO+1 (∆ H−1,H and ∆ L,L+1 , respectively) remains small enough so that the lowest bright and dark excitations are mostly built from transitions between the HOMO−1, HOMO and LUMO, LUMO+1 levels. This was noted in Refs. [15, 22] for symmetric structures, and is also confirmed by the analysis of our BSE eigenstates [24] .
Besides the overall point group symmetry, another crucial symmetry arises from the nearest-neighbour tightbinding (NNTB) model description that, in spite of its simplicity, captures many properties of graphene [33] . The NNTB Hamiltonian has a chiral symmetry: it has matrix elements only between atoms from different sublattices (A and B) of the honeycomb lattice, but not between atoms on the same sublattice. Then, for each single-electron eigenstate with an energy ε (counted from the Dirac point) and a wave function φ(r) = φ A (r) + φ B (r), where φ A and φ B have supports near A and B atoms, respectively, the wave function φ A (r)−φ B (r) also corresponds to an eigenstate whose energy is −ε. The true microscopic Hamiltonian does not have the exact chiral symmetry due to second-nearest-neighbour coupling matrix elements and the variation of onsite energies for edge carbon atoms. Still, as demonstrated here below by our many-body ab initio calculations, the chiral symmetry signature is still present. As a first illustration, we see from Table II that ∆ H−1,H and ∆ L,L+1 are very close for all structures.
The resulting picture of the four lowest-energy electronic excitations that we denote by {X 1 , . . . , X 4 } is summarized in Fig. 3 . Due to the chiral symmetry, we can write the single-particle wavefunctions of HOMO, LUMO and HOMO − 1, LUMO + 1 as
(1) The chiral symmetry requires that excitations X 2 and X 3 are degenerate even if the GQD shape is not symmetric. Moreover, the dipole matrix elements associated with transitions X 2 , X 3 are equal:
since wavefunctions on sublattices A and B do not overlap. Again, in our microscopic BSE calculations not assuming the chiral symmetry, the resulting dipoles are very close (within 3%; see Table II ). As a result, the linear combination (X 2 − X 3 )/ √ 2 is dark. We now rationalize why this combination becomes in most situations the lowest-energy excitation.
Discussion: electron-hole interactions. The dominant resonant part of the 2-body electron-hole BSE Hamiltonian in the {X 1 , . . . , X 4 } basis reads:
where (i, j)/(a, b) label occupied/empty single-particle levels, respectively, and:
are matrix elements of the bare and screened Coulomb potential, respectively. Selected ab initio matrix elements for the considered structures are given in Table II . Their inspection reveals several common properties.
(i) The diagonal elements W d αα are by far dominant and have close values. This is a consequence of the long-range nature of the Coulomb interaction and orthogonality of the single-electron wave functions: if one takes the limit [34] . Indeed, HOMO and HOMO − 1 must have different parity with respect to this mirror reflection, and the same holds for LUMO and LUMO + 1; this follows from the reduction of the two-dimensional E 1 and E 2 representations of the C 6v group to a simple mirror one. Since the Coulomb potential is even, the corresponding integrals must vanish. For GQDs which do not have exact mirror symmetry, these integrals remain small.
(iii) The diagonal V x αα > 0, because the Coulomb potential V (r − r ) is positive in the operator sense.
(
In fact, if one uses the representation (1) of the single-particle wave functions and neglects the overlap between A and B components, all three integrals become φ AφA − φ BφB |V |φ AφA − φ BφB , another signature of the underlying chiral symmetry.
In the representation of Eq. (1), these matrix elements have the form φ AφA ± φ BφB |V |φ AφA ± φ BφB with the +/− sign corresponding to W d 23 /V x 23 , respectively. V x 23 is mostly the dipole-dipole interaction between d 2 and d 3 . In contrast, for the symmetric 1(b) and 2(i) structures, the dipole moment of the φ H φ H−1 and φ L φ L+1 co-densities vanishes by symmetry, so that W d 23 stems from a weaker quadrupole-quadrupole interaction. For other structures with reduced symmetry, the codensity dipoles remain significantly smaller than d 2/3 . Moreover, for the φ H φ H−1 = φ L φ L+1 = φ AφA + φ BφB co-densities we find a strong sign alternation on adjacent A/B sites, which persists even in the absence of spatial (point group) symmetries. This leads to a further suppression of W d 23 due to the smooth long-range nature of the Coulomb potential, so that for rapidly oscillating functions the integral is small. We rationalize this observation in [24] .
These properties determine the energy ordering of the optical excitations. The large diagonal matrix elements W d αα provide an overall shift without affecting much the ordering, by virtue of property (i). Due to property (ii), the {X 2 , X 3 } and {X 1 , X 4 } blocks do not couple and can be analyzed separately. In the {X 2 , X 3 } block, the degeneracy is lifted essentially by V x 23 [property (v)] which pushes up in energy the bright combination (X 2 +X 3 )/ √ 2 by 4V x 23 and leaves the energy of the dark combination unaffected, due to properties (iii,iv). In the {X 1 , X 4 } sector, the main effect is to push up X 1 by 2V x 11 [property (iii)]; the mixture with X 4 and the corresponding level repulsion is less important since X 1 and X 4 were split in the very beginning because of the single-particle energy difference between ∆ HL and ∆ H−1,L+1 when the degeneracies of HOMO and LUMO are broken. In practice, (X 2 + X 3 )/ √ 2 and X 4 are high enough in energy, so that they mix with higher excitations [24] .
As a result, the relative position of the lowest X 1 -like bright excitation and the (X 2 − X 3 ) dark combination depends on the competition between the energy splitting ∆ H−1,H ≈ ∆ L−1,L pushing the dark state up, and the diagonal exchange integral 2V x 11 that pushes X 1 up. Thus, for high-symmetry GQDs with degenerate HOMOs and LUMOs, the lowest excitation is always dark. Further, upon breaking the point-group symmetry, the lowest excitation remains the dark one as long as the energy splitting of the levels remains relatively small, namely ∆ H−1,H 2V x 11 . Effect of functionalization. To confirm the importance of the chiral symmetry, we finally consider the experimental observation that most photoluminescent GQDs are functionalized with nitrogen or oxygen-rich side groups [1-6, 11, 12] . Taking as a paradigmatic example the 108-atoms GQD (Fig. 1b) , we first replace four passivating H atoms by carboxyl -COOH groups, leaving all carbon atoms in an sp 2 configuration. Such a functionalization hardly raises the HOMO and LUMO degeneracy and leaves the 2 lowest excitation dark. On the contrary, adding the carboxyl groups to already Hfunctionalized C atoms, namely creating sp 3 edge carbon atoms (see Fig. 1f ), significantly increases the S 1 oscillator strength from zero to 0.25. Our conclusion is that the asymmetric functionalization (one H atom, one carboxyl group) significantly distorts the flake that starts deviating from its ideal sp 2 planar geometry, breaking the underlying conditions for chiral symmetry. Replacing the COOH group by an H atom that we fully relax but keeping all C atoms frozen to their distorted geometry, we find that the S 1 excitation remains bright with an energy and oscillator strength that hardly changes.
We conclude that indeed sp 3 functionalization is essential to increase emission from GQDs by brightening the lowest singlet excitations populated by Kasha's rule after relaxation of hot electrons. We emphasize however that such a behaviour does not directly involve the electronic properties of the side groups that just serve as a mean to induce a structural distortion breaking the chiral symmetry. The sp 3 character of edge atoms was revealed explicitly in a few studies by XPS measurements [7, 12] . Such a picture allows to make a possible connection between GQDs and graphene oxide that can be described as sp 2 islands in an sp 3 matrix [13, 35] .
In conclusion, we demonstrated that GQDs present in general a dark lowest singlet excitation as a result of the underlying chiral symmetry, irrespective of the overall geometrical point-group symmetry. Our results explain why sp 3 edge functionalization is indeed necessary for switching the photoluminescent properties of GQDs, as shown experimentally, but we propose that it is the breaking of underlying chiral symmetry, and not necessarily the occurrence of charge-transfer core-to-edge optical excitations, that play a significant role.
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S1. PLOT OF FRONTIER ORBITALS AND POINT-GROUP SYMMETRY ANALYSIS
We plot in Fig. S1 the (HOMO-1) , HOMO, LUMO and (LUMO+1) one-body eigenstates (isocontour representation) for the structure from Fig. 1(b) of the main text, confirming that they transform according to the (x, y) ∼ E 1 and (x 2 − y 2 , 2xy) ∼ E 2 representations.
S2. CHARACTERISTICS OF SELECTED BETHE-SALPETER EIGENSTATES
In Table S1 we provide additional details about the low energy Bethe-Salpeter 2-body eigenstates for structures 1(b) and 2(d,h,i,j,k) as indexed in the main manuscript. Besides the excitation energy, the associated oscillator strength (in parenthesis) and leading weights of the 2body eigenstates on the low-energy {X 1 , . . . , X 4 } transitions, but also on higher X i transitions for excitations above the lowest dark and bright combinations, are provided to corroborate the analysis performed in the main manuscript. The Bethe-Salpeter eigenstates read:
where (i, a) label occupied/empty energy levels and λ the Bethe-Salpeter excitations with increasing energy. Table S1 provides the leading |A λ (ia)| 2 coefficients. The B λ (ia) coefficients represent de-excitations when going beyond the Tamm-Dancoff approximation and are much smaller in magnitude. We use the notations of Fig. 3 in the main manuscript: X 1 represents the HOMO to LUMO transition, X 2 the HOMO−1 to LUMO transition, X 3 HOMO to LUMO+1, and X 4 HOMO−1 to LUMO+1. In addition, we introduce X 5 (HOMO−2 to LUMO), X 6 (HOMO to LUMO+2) and X 7 (HOMO to LUMO+3).
The structures are arranged with increasing HOMO-(HOMO−1) splitting (equivalently, the LUMO-(LUMO+1) splitting due to chiral symmetry), breaking the degeneracy of the X 1 and X 4 transitions. Because of this degeneracy lifting, the lowest eigenstate composed of transitions X 1 and X 4 is rapidly dominated by X 1 . Further, the asymmetry between X 1 and X 4 does not allow to generate a strictly dark state and the oscillator strength of the lowest energy combination of X 1 and X 4 increases rapidly with increasing weight on the X 1 component. Note that on the contrary, due to chiral symmetry, the low energy dark state with equal weights on X 2 and X 3 is unaffected by the HOMO-(HOMO−1) splitting.
S3. NEAREST-NEIGHBOR TIGHT-BINDING RESULTS
The nearest-neighbor tight-binding model is less precise quantitatively than the ab initio calculations, but it is very useful when one needs a qualitative insight into the properties of the wave functions. Here we give the results for the structure from Fig. 2(i) of the main text, a rhombus with armchair edges, possessing the D 2h symmetry. Since edge passivation by hydrogen was not included in the tight-binding calculation, no quantitative comparison to the ab initio results can be made.
Diagonalization of the tight-binding Hamiltonian, determined by the nearest-neighbor matrix element γ 0 = 3.3eV yields 96 single-particle eigenstates ψ 0 , ψ 1 , . . . , ψ 95 , which we order according to their energies. The important orbitals HOMO−1, HOMO, LUMO and LUMO+1 (ψ 46 , ψ 47 , ψ 48 and ψ 49 , respectively) are shown in Fig. S2 .
To see the effects of the wave function structure on the Coulomb integrals, for both direct and exchange parts we use the unscreened Coulomb interaction They have the same proprties (i)-(v) as the ab initio Coulomb integrals, discussed in the main text. In Fig. S3 (S2) The symmetries ψ 46 ψ 47 ∼ xy (quadrupole), ψ 46 ψ 48 ∼ x (dipole) follow straightforwardly from the symmetries of the corresponding wave functions. Another striking difference between the two co-densities is that ψ 46 ψ 47 exhibits pronounced sign alternation on neighboring sites, while ψ 46 ψ 48 represents a rather smooth spatial dependence.
To be more quantitative about the smoothness, and to understand the origin of the sign alternation in ψ 46 ψ 47 , we introduce the envelope functions. Namely, separating a real wave function φ(r) into sublattice components,
where Ψ A,B (r) are the smooth envelopes and ±K are the inequivalent corners of the first Brillouin zone. If the GQD shape is invariant under a reflection r → R AB r which interchanges the two sublattices but leaves invariant the ±K points (for the rhombic shape considered here, it is y → −y), the wave function φ(r) is either even or odd, φ(r) = ±φ(R AB r). Then, the envelope functions obey Ψ A,B (R AB r) = ±Ψ B,A (r). If the GQD shape is invariant under a reflection r → R ±K r which preserves the two sublattices but flips the ±K points (for the rhombic shape considered here, it is Let us focus on the smooth component of each codensity from Fig. S3 , which can be expressed in therms of the envelope functions. For ψ 46 ψ 47 and ψ 46 ψ 48 they are given by 2 Re(Ψ * AΨ A ) ± 2 Re(Ψ * BΨ B ), and shown in Fig. S5 . For ψ 46 ψ 47 the smooth component is much weaker, leading to the smallness of the corresponding direct Coulomb integral V d 23 . The reason for this is the reflection symmetry R AB . Indeed, with respect to this reflection, LUMO and LUMO + 1 have opposite parity (similarly to HOMO and HOMO−1). Then, Ψ * B (r)Ψ B (r) = −Ψ * A (R AB r)Ψ A (R AB r), so the smooth part of the co-density ψ 46 ψ 47 is Re Ψ * A (r)Ψ A (r)− Re Ψ * A (R AB r)Ψ A (R AB r). Since Ψ A.B andΨ A,B correspond to the lowest-energy orbitals, they have no oscillations (see Fig. S4 , where Ψ 47 is dominated by the imaginary part and Ψ 46 by the real part, which have no zeros inside the GQD), so taking the difference between a point r and its mirror image R AB r leads to a strong cancellation. This cancellation also persists when the mirror symmetry is not exact. As a result, the φ H φ H−1 = φ L φ L+1 co-densities are dominated by the fast oscillating e ±2iKr components which leads to the smallness of correspond- 
